ABSTRACT: Seasonal and inter-annual variations in density and biomass of benthic bacteria were examined in the surface sediments of a Mediterranean seagrass bed [Posidonia oceanica (L.) Delile] in the Gulf of Marconi (northwestern Mediterranean Sea) from January 1990 to January 1992. Bacterial parameters were compared to changes in elemental (organic C and total N) and biochemical (lipids, proteins, carbohydrates) composition of sediment organic matter, as well as to photosynthetic pigments. Bacterial density and biomass were high and exhibited marked seasonal variations with highest values in late spring. Bacterial biomass was positively correlated with temperature and negatively correlated with chlorophyll a content. By contrast no correlations were found with the bulk of organic carbon or nitrogen. In the year-to-year comparison the seasonal patterns of bacterial density were similar. However, bacterial parameters showed significant inter-annual variations. Such changes may be related to different organic matter composition and availability or to competition with microphytobenthos for inorganic nutrient uptake. These data evidence that, whereas temperature might be the most important factors controlling bacterial seasonality, the qual~ty of organic matter (sedimentary protein content coupled to C/N values) may be an important factor for explaining the ~nter-annual variations.
INTRODUCTION
In the last decade several studies have shown that the role of bacteria in benthic food chain is far more important than previously thought (Meyer-Reil 1983 , Moriarty & Pollard 1982 . Many animals feeding on sediment organic matter are more nutritionally dependent on attached bacteria than on the organic detritus (Newel1 & Field 1983), so bacteria may represent one of the most important food sources for meio-and macrofauna (Bouvy 1988 , Levinton & Bianchi 1981 .
It is generally assumed that bacterial distribution is related to sediment properties. Factors which may control benthic bacterial dynamics include physical characteristics (such as temperature and sediment type; Dale 1974 , Griffiths et al. 1978 , De Flaun & Mayer 1983 , Albertelli et al. 1992 , chemical characteristics (such as organic matter content, Meyer-Reil 1987; concentration of labile compounds, Danovaro et al. 1992 , Fabiano & Danovaro 1994 ; concentration of toxic trace metals, Fabiano et al. 1994 ) and biological processes such as grazing (Montagna 1984) . Despite this, the identification of the factors which control bacterial distribution and activity has been a controversal issue.
Few studies deal with the seasonal development of microbial communities (Meyer-Reil 1983 , Carnmen & Walker 1986 , Duyl & Kop 1990 ) and very little is known about seasonal patterns of bacterial populations in the Mediterranean (Herndl et al. 1987 , Delille et al. 1990 and there are no known temporal studies longer than 1 yr.
Information on microbial communities associated with Posidonia oceanica is scarce (Velimirov et al. 1981 , Novak 1984 , Velimirov & Walenta-Simon 1992 and information on Mediterranean seagrass bed is practically non-existent (Danovaro et al. 1994a) . Therefore, it is important to gather more information on inter-annual variations of bacterial population to quantify carbon flow and to create predictive models. This paper reports the seasonal and inter-annual variation of benthic bacteria in subtidal sediments of the Ligurian Sea (northwestern Mediterranean). Data relative to the period January 1991 to January 1992 were compared to a previous sampling period ( Danovaro et al. 1994a) . Bacterial dynamics were compared to changes in organic matter composition (both elemental and biochemical) and other environmental parameters (temperature, photosynthetic pigments) in order to understand the factors regulating bacterial dynamics in seagrass sediments.
MATERIALS AND METHODS
Study site. Sediment samples were collected on a fortnightly basis from January 1990 to January 1992 by Scuba divers in Prelo Bay, at 4 m depth in a Posidonia oceanica bed, Gulf of Marconi, Ligurian Sea (northwestern Mediterranean Sea; Fig. 1 ). Temperature was measured in situ during SCUBA diving. The study area is sheltered and characterized by low current speed at the water-sediment interface (0.4 to 2.9 cm S-'; . The depth of the RPD (Redox Potential Discontinuity) ranges between 4.0 and 12.0 cm. Grain size (on average Phi = 0.384) does not change seasonally and porosity of sediment ranges between 22.1 and 55.7% . In the study area, Chiavari S = ' . \ A Fig. 1 The sampling station in the Marconi Gulf, Ligurian Sea (northwestern Mediterranean Sea)
Posidonia oceanica forms an almost continuous and dense belt (375 leaves m-2) from about 0.4 to 9.0 m depth. The dominant macrofauna in this station are the polychaete Spio decoratus (Bobretzky), the snail Bittium reticulatum (Da Costa), the bivalve Dosinia lupinus (Linne), and the decapods Diogenes pugilator (Roux) and Hippomedon massiliensis (Bellan-Santini). Meiofauna is dominated by deposit-feeding nematodes , Danovaro et al. 1994b ). Benthic bacteria. Three replicate cores were collected using sterile syringes (0-0.5 cm sediment layer) and processed within 3 h of collection. Each replicate (1 cm3), was added to 10 m1 0.2 pm filtered sea water with prefiltered formalin (2%). Samples were sonicated 3 times (Sonifier Tansonic Labor 2000, 50 W for 1 min). Subsamples were diluted 100 to 500 times. Portions of the subsamples were stained for 3 min with acndine orange and filtered on black Nuclepore 0.2 pm filters. The filters were analysed as described by Montagna (1982) using epifluorescence microscopy (Zeiss Universal Microscope). The number of dividing bacteria was determined. The contribution by different size classes of bacteria to the total biomass was followed by assigning bacteria into different size classes. Bacterial biovolurne was converted to carbon content assuming 308 fg C per pm3 (Fry 1988) . Average cell carbon content was calculated by dividing total bacterial biomass by total bacterial density. Data were normalized to dry weight after desiccation (60°C, 24 h).
Sediment organic matter and photosynthetic pigments. Immediately after sampling, the surface layer (0-1 cm) of 3 replicate cores to be used for the sediment analyses was frozen at -20°C.
Total sediment organic carbon (OC) and nitrogen (ON) were measured, after acidification with 0.1 N HC1, in 4 replicates using a Carlo Erba CHN Analyzer (mod. EA 1108). Cyclohexanone-2,4-dinitrophenylhydrazone was used as standard (Hedges & Stern 1983) .
Lipids were extracted from dried sediment samples by direct elution with chloroform and methanol. Analyses were carried out using the methods of Bligh & Dyer (1959) and of Marsh & Weinstein (1966) .
Protein analyses were carried out following an extraction with NaOH (0.5 M, 4 h) and were determined according to Hartree (1972) modified by Rice (1982) to compensate for phenol interference. Concentrations are referred to as albumin equivalents.
Carbohydrates were analysed according to Gerchacov & Hatcher (1972) and expressed as glucose equivalents. This method is based on the same principle of the widely used method of Dubois et al. (1956) but is specifically adapted for carbohydrate determination in sediments.
For each analysis, blanks were made using sedlments treated in muffle furnace (55OoC, 4 h). Biochem-ical analyses were carried out in 4 replicates. Method accuracy was tested against prepared standards and coefficient of variation (CV) were calculated: 0.5 % and 0.9% for OC and ON respectively, 7.8% for lipids, 6.0% for carbohydrates and 6.6% for proteins.
Chlorophyll (chl) a and phaeopigment analyses were carried out according to Lorenzen & Jeffrey (1980) . Pigments were extracted with 90% acetone. The supernatant was used to determine the functional chl a and acidified with 0.1 N HCl in order to estimate phaeopigments. Statistical analyses. Differences over time within and between years in environmental factors and bacteria were tested using analysis of variance (ANOVA). Microbial and environmental parameters were 4th-root transformed when homogeneity of variance was rejected by an F-max test. Pearson's product-moment correlation analysis was used initially to examine relationships between bacteria and environmental factors. Because of the large number of correlation tests, the probability of a Type I error occurring is high. The significance level for all analyses was 95 %.
RESULTS

Temperature
The lowest temperature recorded at the water-sediment interface was 12.3"C (February 1991); temperatures above 20°C were generally observed between June and October. Highest temperature measured was 25.4"C (late August; Fig. 2 ).
Benthic bacteria
Bacterial densities (total bacterial number, TBN) fluctuated significantly over time and showed a clear seasonal cycle characterized in both years by 2 peaks in close sequence (Fig 3a) : the first peak occurred in April 1990 and May 1991 (45.6 and 2.8 X 10' cells g-' sed. DW respectively) and the second in May-June 1990 and July 1991 (252.0 and 5.6 X 10' cells g-' sed. DW respectively). Minimum density was recorded in February 1991 (0.8 X 10' cells g-l sed. DW). A similar trend was observed for bacterial biomass (BBM, ranging from 4.9 to 1182.8 yg C g-' sed. DW; Fig. 3b ). Both TBN and BBM were higher in the first than in the second year (n = 30, p < 0.001). Mean cell biomass varied from 3.03 to 10.55 X 10-l' mg C cell-' (in July 1990 and early May 1990 respectively; Fig. 3c ). Highest median cell biomass values preceded, in temporal scale, highest BBM values. Cell size was significantly higher in the second year of sampling (n = 30, p < 0.01). Seasonal variations of the frequency of dividing cells (FDC) are reported in Fig. 3d . FDC showed wide variations during the study period and ranged between 1.35 (April 1990) and 5.20% (February 1990) . FDC was significantly higher in the first than in the second sampling year (n = 30, p < 0.05). Bacterial carbon accounted, on average, for 6.23 % of total organic carbon (Table 1) .
Organic matter composition and photosynthetic pigments
Sedimentary organic carbon (OC) and nitrogen (ON) (Fig. 4a, b respectively) exhibited a clear seasonality, similar in the 2 years studied, characterized by a first peak in spring (15.80 and 2.15 mg g-' of sediment DW for OC and ON respectively) and a second pronounced peak in late autumn-winter. C/N ratios ranged between 6.8 (April 1991) and 26.7 (November 1990; Fig. 4c ).
The concentrations of the 3 main biochemical components of the organic matter are reported in Fig. 5a , b, c (for carbohydrates, proteins and lipids respectively). 
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Contribution of the different components to the standing stocks of organic carbon. Sampling dates, total organic carbon (OC, pg C g-l sed. DW), carbohydrate, protein and Lipid carbon and their sum (C-CHO, C-PRT, C-LIP and C-LPC; pg C g-' sed. DW), bacterial biomass (BBM p g C g-' sed. DW), chlorophyll carbon content (C-CHL; pg C g-' sed. They showed a common trend characterized by evident peaks in winter (531 1.4 pg g-l, 1617 0 pg g-' and 1069.2 pg g-' of sediment DW for carbohydrates, protelns and lipids respectively) and low concentrations in summer. Carbohydrate concentrations fluctuated significantly over time but no significant differences were observed between the 2 years. Lipid content was higher in the second year than in the first (n = 30, p < 0.05), by contrast protein concentrations were higher in the first year than in the second (n = 30, p < 0.05). Carbohydrate, protein and lipid concentrations were converted to carbon content assuming a 0.40, 0.49 and 0.75 factors according to the standard utilized and to literature references (Fichez 1991 , Fabiano & Danovaro 1994 . The sum of carbohydrate, protein and lipid carbon (C-CHO, C-PRT and C-LIP) was utilized as relative measure of the amount of food potentially available for heterotrophic metabolism (C-LPC). C-LPC accounted on average for 15.90% of OC (Table 1 ) . Nitrogen content of proteins (N-PRT) was calculated by dividing protein concentration by 6.25. N-PRT accounted on average for 3.17 % of ON (Table 1) .
Chl a concentrations in the uppermost 1 cm sediment layer (Fig. 6) showed strong seasonal variations characterized by 2 main peaks: the first in June 1990 and May 1991 (2.36 and 4.21 pg sed. DW respectively) and the second in winter (4.96 and 5.25 pg g-' sed. DW respectively in January 1991 and 1992). Conversely, low chl a concentrations were found in summer. Significant differences in chl a content were observed comparing the 2 sampling years, the second being higher than the first (n = 30, p < 0.001). Phaeopigment concentrations (Fig. 6) were low in spring and high in autumn-winter, ranging between 1.72 and 15.8 pg g-' sed. DW respectively (May 1990 and November 1990) . Chl a concentrations were converted to carbon content assuming a conversion factor 40 (De Jonge 1980) . Chlorophyll carbon accounted, on average, for 2.87 % of total organic carbon and for 20.24% of the C-LPC (Table 1) 
DISCUSSION
Significance of bacteria in the seagrass system Bacterial densities in Prelo Bay were high when compared to other coastal areas (De Flaun & Mayer 1983 , Meyer-Reil 1983 , Montagna et al. 1983 , Herndl et al. 1989 , Delille et al. 1990 , Ferrara-Guerrero & Bianchi 1990 , Amon & Herndl 1991 , Albertelli et al. 1992 and bacterial biomass was a significant fraction (on average 6.23 %) of the sedimentary organic carbon. This value appears to be similar to those reported for deep-sea sediments (on average 9.5 %; ) but high if compared to other areas of the Ligurian Sea (3.5%; Fabiano . Moreover, bacterial contribution to the bulk of organic carbon in the seagrass bed is higher than values reported in literature from other subtidal or intertidal areas: 0.2 to 0.7% (Meyer-Reil et al. 1980 ), 1.2% (Dale 19741, 1.5 % (Meyer-Reil 1984) . Such differences indicate that the role of benthic bacteria in seagrass sediments is quantitatively similar to that played in deep-sea areas and by far more important than in other coastal systems. Conversely, chlorophyll carbon contributed little (less than 3 %) to the total organic carbon so that bacteria in seagrass beds may represent the main potential food source for sediment ingesting organisms.
Seasonal dynamics of benthic bacteria
Benthic bacteria in the Posidonia oceanica bed are characterized by evident and predictable seasonality. Generally benthic bacteria respond rapidly to ecological events such as the input of organic matter (MeyerReil 1983 , 1986 , 1987 , Herndl et al. 1987 . Although in both years strong organic carbon inputs were observed in spring and winter, they were different in composition and in terms of availability for bacterial communities. The high OC and ON values reported in cold months were characterized by high C/N values, and C-LPC generally accounted for a small fraction of the total carbon. Winter organic inputs have 2 most important sources: terrestrial run-off (due to heavy rain precipitation~) and deposition of seagrass leaves (which are, in this period, at the end of the seasonal cycle) and in both cases organic matter is of highly refractory composition. This was confirmed by the analysis of the dynamics of photosynthetic pigments which indicated the presence of the algal bloom in spring and the deposition (as suggested by the high phaeopigment concentrations) of the seagrass leaves and epiphytes in winter. The limited food availability coupled with cold temperatures may be responsible for the low bacterial density and biomass characteristic of the winter period.
In this study bacterial number and biomass were significantly correlated to temperature at the water/sediment interface (n = 30, r = 0.561 p < 0.01 for TBN; r = 0.546, p c 0.01 for BBM). These results are consistent with those of De Flaun & Mayer (1983) , who observed a positive correlation between bacterial density and temperature. However, highest cell size, TBN and BBM values usually preceded temperature peaks. Therefore, despite the presence of a significant relationship, temperature cannot be considered the factor promoting bacterial development, but simply a factor which may sustain or increase bacterial growth. By contrast, high BBM values were observed in correspondence of high C-LPC values and high C-LPC/OC percentages, coupled with low C/N ratios. Thus. apparently, the quality of the organic matter is the factor promoting (especially in spring and early summer) bacterial development. On a spatial scale, similar results were observed by Fabiano & Danovaro (1994) who found a significant correlation between bacterial densities and the concentrations of proteins.
The average cell carbon content (6.05 X 10-" mg C cell-') is higher than values reported for bacteria in seagrass bed (on average 2.5 X 10-" mg C cell-'; Moriarty & Pollard 1982). It should be taken into account that different conversion factors for the calculation of the bacterial carbon content were used. Nevertheless, the presence of large bacterial cells would suggest that bacteria were not limited by food. Moreover, as indicated by the significant correlation between chl a and cell biomass (n = 30, r = 0.423, p < 0.051, larger cells were generally observed in correspondence with the spring and autumn blooms when high concentrations of labile organic compounds were observed. The frequency of dividing cells (FDC, on average 2.6%) is in the range of literature data (Meyer-Reil 1983 , Albertelli et al. 1992 ) but seasonal FDC patterns are not significantly related to any environmental parameter.
On the other hand, bacteria were negatively correlated to chl a content (which may be considered as measure of algal biomass) (n = 30, r = 0.562, p < 0.01). This relation may be due to Type I error in the correlation analysis. However, a possible explanation could be that both components were competing for inorganic nutrients (Kirchman et al. 1989) . In fact, recently it has been demonstrated that heterotrophic bacterial growth can be stimulated by inorganic nutrients and that, in the presence of nitrogenous or phosphorous supplements, bacterial numbers increased approximately 3-fold (Horrigan et al. 1988) . Positive correlations do not, a priori, guarantee cause and effect, and we can not clarify which factor, among several, is responsible for such kind of correlation. However, if bacteria use inorganic nutrients as alternative source they may limit autotrophic production by competing for nutrients (Parsons et al. 1981) .
Inter-annual variations of bacterial parameters
The significant variation of bactenal parameters between the 2 sampling years cannot be explained with temperature. At the same time, whereas bacterial density, biomass and frequency of dividing cells were higher in the first year, organic carbon and chl a (which are usually utilized as measure of the organic matter available for heterotrophic metabolism) were significantly lower. Therefore, these factors cannot support bacterial development. The only exception is represented by protein content which was significantly higher in the first sampling year and which may represent the most suitable substrate for bacterial growth. This relation between bacterial density and protein content is not spurious since it has been demonstrated that bacteria contribute only for a small fraction to the total amount of proteins (about 2.5%; Fabiano .
